The formation of ribonucleoprotein assemblies called germ granules is a conserved feature of germline development. In Drosophila, germ granules form at the posterior of the oocyte in a specialized cytoplasm called the germ plasm, which specifies germline fate during embryogenesis. mRNAs, including nanos (nos) and polar granule component (pgc), that function in germline development are localized to the germ plasm through their incorporation into germ granules, which deliver them to the primordial germ cells. Germ granules are nucleated by Oskar (Osk) protein and contain varying combinations and quantities of their constituent mRNAs, which are organized as spatially distinct, multi-copy homotypic clusters. The process that gives rise to such heterogeneous yet organized granules remains unknown. Here, we show that individual nos and pgc transcripts can populate the same nascent granule, and these first transcripts then act as seeds, recruiting additional like transcripts to form homotypic clusters. Within a granule, homotypic clusters grow independently of each other but depend on the simultaneous acquisition of additional Osk. Although granules can contain multiple clusters of a particular mRNA, granule mRNA content is dominated by cluster size. These results suggest that the accumulation of mRNAs in the germ plasm is controlled by the mRNAs themselves through their ability to form homotypic clusters; thus, RNA self-association drives germ granule mRNA localization. We propose that a stochastic seeding and self-recruitment mechanism enables granules to simultaneously incorporate many different mRNAs while ensuring that each becomes enriched to a functional threshold.
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In Brief
Niepielko et al. show that co-population of Drosophila germ granules by constituent mRNAs occurs through the random incorporation of single-transcript RNPs, which then recruit like transcripts to form homotypic clusters. The ability of these mRNAs to engage in homotypic interactions controls both their quantity and organization within germ granules.
INTRODUCTION
Packaging of mRNAs into ribonucleoprotein (RNP) complexes is a common feature of post-transcriptional regulatory mechanisms including mRNA processing, translational control, mRNA degradation, and subcellular mRNA localization [1] [2] [3] [4] . Germ granules are large cytoplasmic RNP assemblies that are characteristic of developing germ cells throughout the animal kingdom and play roles in germline specification and/or germ cell function [5, 6] . In some animals, like Drosophila, Xenopus, and zebrafish, maternally inherited germ granules are segregated to a few cells of the developing embryo, designating them as germ cell progenitors [6, 7] . In other animals, including mammals, germ granules form only after germ cells are specified by signaling events, but they are subsequently required for germ cell function [7] . Despite their different origins, germ granules contain several conserved proteins, including Tudor (Tud) family scaffold proteins and the Vasa (Vas) RNA helicase, suggesting structural and functional similarities [5, 7, 8] .
In Drosophila, the germ granules reside at the posterior of the embryo as constituents of the germ plasm, a specialized cytoplasm that is both necessary and sufficient to induce germ cell formation and specify germline fate [9] . The Drosophila embryo develops initially as a syncytium, with embryonic nuclei dividing in a shared cytoplasm. Nuclei that encounter the germ plasm are induced to bud from the posterior of the embryo, creating the germ cell progenitors, called pole cells [9] . Prior to budding, germ granules accumulate around the nuclei by dynein-dependent transport on astral microtubules. This accumulation not only induces budding of the nuclei but also transports the germ granules into the newly formed pole cells [10] .
The crucial location of the germ plasm is determined during oogenesis, by the kinesin-dependent transport of mRNA encoding the germ plasm organizer Oskar (Osk) to the posterior of the oocyte [9] . Osk protein produced on site then recruits a set of core proteins, including Vas and Tud, that together are required for the posterior localization of numerous maternal mRNAs, including several-nanos (nos), polar granule component (pgc), germ cell-less (gcl), and cyclin B (cycB)-that encode proteins known to play critical roles in germline development [9, [11] [12] [13] . These mRNAs are synthesized in the ovarian nurse cells, are transferred to the oocyte en masse in a process called nurse cell dumping, and subsequently accumulate at the posterior of the oocyte [9, 14] . Live-imaging studies of nos mRNA revealed that localization occurs over a period of several hours during which transcripts circulate throughout the oocyte by diffusion, facilitated by a concerted microtubule-dependent streaming of the oocyte cytoplasm, and become entrapped at the posterior in germ granules [15] . Subsequent single-molecule fluorescence in situ hybridization (smFISH) studies of nos, pgc, gcl, and cycB showed that these mRNAs enter the oocyte as single-transcript RNPs that are then co-packaged at the posterior of the oocyte to produce complex granules [16, 17] . Such co-packaging presumably serves to ensure that the entire collection of maternal mRNAs essential for germline development is successfully transported into every pole cell.
Nevertheless, whereas the germ granules share a common set of proteins, their mRNA composition is heterogeneous with respect to both the combinations of different transcripts they contain and the quantities of each [16] . Furthermore, in contrast to granule proteins, which appear to be homogeneously distributed within each granule, the different constituent mRNAs form spatially distinct homotypic clusters, each containing multiple copies of a given mRNA [16, 17] . Why the RNAs are segregated in this manner and how this organization arises remain unknown. Furthermore, how different mRNAs become co-packaged within the same granule is poorly understood; it is not known whether the generation of complex heterogeneous granules occurs in a stepwise process, requiring the prior formation of dedicated homotypic granules, or whether different mRNAs can sort out and form homotypic clusters within a shared granule.
Here we combined smFISH, super-resolution imaging, and quantitative image analyses to investigate how two mRNAs, nos and pgc, are incorporated into and become organized within germ granules. We find that single-transcript nos and pgc RNPs can populate the same granule during early stages of germ granule assembly and that these initial RNPs seed homotypic clusters that grow by self-recruitment. Within a granule, homotypic clusters of different mRNAs grow independently of each other, and their growth is dependent on the simultaneous acquisition of additional Osk protein. We show that granules can contain multiple clusters of a particular mRNA, indicating that there is not a single binding site for each RNA within the granule. Our data provide evidence for a model whereby different mRNAs self-organize within a shared granule through stochastic seeding events followed by homotypic cluster growth through selfrecruitment. Furthermore, homotypic cluster growth provides the driving force for the accumulation of mRNAs in the germ plasm. We propose that the superimposition of an RNA self-assembly mechanism, homotypic clustering, upon a stochastic seeding process ensures that granules transmit the requisite quantities of transcripts to the germ cell progenitors.
RESULTS
nos and pgc Can Co-populate Germ Granules as Single Transcripts Drosophila oogenesis proceeds through 14 morphologically distinct stages, with the onset of cytoplasmic streaming and nurse cell dumping at the end of stage 10 [14, 18] . Localization of nos and pgc at the posterior of the oocyte is observed consistently from this stage onward [16] . To investigate how granule heterogeneity arises, we used smFISH to visualize nos and pgc as they accumulate at the posterior from stages 10 to 13, and we measured how often a detected fluorescent particle containing one or more nos transcripts appeared co-localized with a particle containing one or more pgc transcripts ( Figure S1 ). Co-localization of nos and pgc was observed in the most posterior region of the oocyte as early as stage 10: 33% of detected nos particles co-localized with pgc while 36% of pgc particles co-localized with nos. These values are significantly greater than the frequency with which we detected random overlap between nos or pgc and a non-localizing mRNA (<10%) due to the high density of transcripts ( Figures S1G and S1H) . Moreover, they exceed those from our previous analysis, which measured co-localization of particles with R4 mRNAs [16] . Consistent with those results, the frequency of co-localization increased through the remainder of germ plasm development ( Figure S1 ).
The occurrence of significant co-localization between nos and pgc at the same time that these mRNAs begin to accumulate at the posterior suggests that single-transcript nos and pgc RNPs might be incorporated into the same germ granules. To determine if this is the case, we used smFISH and structured illumination microscopy (SIM) to resolve nos, pgc, and the germ granule marker Osk-GFP ( Figure 1A ). Particles consisting of single nos or pgc transcripts were identified within the germ plasm based on the match of their fluorescence intensity distributions to those of known single-transcript particles detected within the bulk cytoplasm ( Figures 1B, 1C , and 1H). Single nos transcripts were observed to be associated with germ granules that also contained either a single pgc transcript or a small homotypic pgc cluster ( Figures 1D-1G and 1I-1M). Conversely, single pgc transcripts were detected in the same granules as single nos transcripts or small nos clusters ( Figures 1D-1G and 1N-1Q ). Granules containing both clusters of nos and clusters of pgc were also detected ( Figures 1R-1U ).
Quantitative analysis of approximately 8,000 particles from confocal images showed that 31% of single-transcript nos particles and 26% of single-transcript pgc particles at stage 10 were co-localized with Osk-GFP in the most posterior region of the oocyte (Figures 2A and 2E ; Figure S2A ). In contrast, the frequency of overlap between a non-localizing mRNA, lost, and Osk-GFP was approximately 6% (Figures 2B and 2E) . Furthermore, 23% of single-transcript nos particles co-localized with pgc and 26% of single-transcript pgc particles co-localized with nos (Figures 2C and 2F ; Figure S2B ). In osk mutant oocytes, where germ granules do not form, co-localization between single-transcript nos particles and pgc was reduced to $7%, comparable to the estimated frequency of random overlap, and similar results were obtained for single-transcript pgc particles (Figures 2D and 2G ; Figure S2C ), confirming that the detected co-localization reflects incorporation into germ granules. The occurrence of granules containing a single nos transcript with a single pgc or a small pgc cluster and vice versa suggests that, when extrapolated to the large number of different transcripts that are localized to the germ plasm, the heterogeneous transcript composition of germ granules results from their copopulation by many different mRNAs as single-transcript RNPs.
Homotypic Clusters of nos and pgc Grow While Co-localized To gain insight into how the RNA composition of granules evolves over time, we developed an analytic tool by transforming 3D images of the germ plasm into a digital matrix representation that reports the number of nos and pgc mRNAs in each of approximately 6,500 individual germ granules, demarcated using Osk-GFP, at stages 10 and 13 ( Figures 3A and 3B ). This granule census revealed that the proportion of granules containing nos and/or pgc changed slightly over this time period, from 67% to 73%. By contrast, the amount of nos and/or pgc per granule increased 2.3-fold. These findings suggest that production of new granules is balanced by stochastic seeding events, such that the fraction of granules containing these two mRNAs remains relatively constant while older granules have time to accumulate more of each.
To further investigate this hypothesis, we first sampled $100,000 nos and pgc particles detected in the germ plasm from stage 10 to 13 oocytes and early embryos and quantified the number of mRNAs in each particle ( Figure 3C ). Notably, for co-localized nos and pgc particles, the quantities of the two mRNAs were moderately correlated (Pearson's r = 0.4) at stage 10, and they became more highly correlated over time (r = 0.7 in early embryo; Figure 3D ). We then analyzed the growth dynamics of nos homotypic clusters and the likelihood that clusters of a particular size co-localized with pgc. For each stage, the nos particles were separated based on whether or not they co-localized with pgc (i.e., occupied the same granule as pgc), and the size distributions (number of nos mRNAs) of nos particles that were co-localized with pgc (red bars) and those that were not co-localized (blue bars) were plotted ( Figure 3E) . A similar analysis was performed with pgc as the point of comparison, yielding results comparable to those described below ( Figure S3 ).
We found that for nos particles not co-localized with pgc, the number of nos transcripts tended to be small (<4, see STAR Methods details) at all stages. A corollary to this is that granules with few nos transcripts more often lacked than contained pgc (blue bars higher than red bars). Conversely, among the nos particles co-localized with pgc, the number of nos transcripts Figure S1 .
GFP (P). Merge of all three channels (Q). (R-U) Enlargement of the granule indicated by the red arrow in (I) containing homotypic clusters of nos (R) and pgc (S) together with Osk-GTP (T). Merge of all three channels (U). Scale bar in (A) applies to (I). Scale bar in (D) applies to (D)-(G) and (J)-(U). See also
tended to be larger (R4), and this was true at all stages. As a corollary, for granules with four or more nos transcripts, the fraction that contained both nos and pgc was greater than the fraction that only contained nos (red bars higher than blue bars). If the initial incorporation of transcripts into a granule occurs stochastically, we would predict that there is always a small population of granules that contains large numbers of one transcript but completely lacks the other, and such granules were indeed observed ( Figure 3E ; Figure S3 ). However, we rarely detected granules containing 16 or more nos transcripts without pgc (Figure 3E) . Thus, by the time a nos homotypic cluster has grown to 4 or more transcripts, it is more likely than not that a pgc has been incorporated and vice versa. These data argue against pre-formation of dedicated homotypic granules in generating granule heterogeneity. Rather, our data support a model in which different single-transcript RNPs are first randomly incorporated into granules, so-called seeding events. These seeds then recruit like transcripts, forming homotypic clusters within shared granules.
To determine whether mRNAs that have been incorporated into a granule remain associated with that granule or whether mRNAs exchange between granules, we labeled nos RNA with the photoconvertible Dendra2 fluorescent protein (nos*Dendra2) using the MS2-MCP tagging system, and we used live imaging to monitor mobility [19] . The photoconverted nos*Dendra2 remained within the originating granules over at least a 2.5-min time period (Video S1), suggesting that there is not rapid exchange of RNA among granules.
Homotypic Cluster Seeding and Growth Depend on Growth of the Protein Ensemble
Both Osk and Vas protein continue to accumulate at the posterior during late stages of oogenesis, leading to an expansion of the posterior mRNA localization domain ( Figure S1 ) [16, 20, 21] . Quantification of the number of distinct Osk particles detected within a depth of 5 mm from the cortex showed that there was a 2.6-fold increase between stages 10 and 13. Consistent with ongoing production of new granules, we detected granules containing only a few nos or pgc mRNAs even in the early embryo ( Figure 3E ; Figure S3 ). To determine if the increase in Osk results in the growth of individual granules as well as the formation of additional granules, we quantified and compared the fluorescence intensities of Osk-GFP particles that co-localized with nos in stage 10 and stage 13 oocytes. We found that the average intensity of Osk-GFP particles increased by 2.6-fold and the maximum intensity by 2.8-fold from stages 10 to 13 (Figure 4A) . Furthermore, Osk-GFP intensities and nos mRNA content were correlated (r = 0.65; Figure 4B ).
This finding is consistent with previous results showing a correlation between Vas and nos [16] , and it suggests that homotypic cluster growth may depend on growth of the protein ensemble. To test this, we reduced Osk expression (13 osk) and measured the effect on the number of nos and pgc mRNAs per granule as well as on the co-localization frequency of nos and pgc. In stage 13 13 osk oocytes, the average number of nos and pgc mRNAs per granule decreased by 39% and 28%, respectively ( Figure 4C ). In addition, co-localization of nos and pgc was reduced by 28% ( Figure 4D ). Taken together, these data indicate that the granule protein ensemble grows continuously, through Osk accumulation, and that this is required for continued homotypic cluster growth. Moreover, the decrease in nos and pgc co-localization in 13 osk oocytes suggests that the continued assimilation of protein components is also required for ongoing seeding by single-transcript RNPs.
Homotypic Clusters of Different mRNAs Grow Independently of Each Other within Germ Granules
Our data indicate that seeding events by different single-transcript RNPs occur stochastically and independently and that new seeding events occur as old seeds grow into homotypic clusters. We next sought to determine whether homotypic clusters of different mRNAs grow independently of each other or whether the growth of nos clusters influences the growth of pgc clusters and vice versa. To address this, we altered the amount of either nos or pgc in the oocyte, and we analyzed the effect on both the frequency of co-localization and the sizes of homotypic clusters. In stage 13 oocytes with decreased (13) nos mRNA, particles contained 35% fewer nos transcripts on average than in wild-type oocytes, indicating that nos homotypic cluster size was decreased ( Figures 5A, 5A' , 5B, 5B', 5E, and 5F). Similarly, pgc mRNA content decreased by 38% when pgc expression was reduced (Figures 5C, 5C', 5D, 5D', 5G, and 5H). Consistent with the reduction in the average particle size, the distribution of particle sizes was shifted in 13 nos and 13 pgc oocytes as compared to wild-type ( Figures S4A  and S4B ). Conversely, when nos expression was increased (43 nos), the average number of transcripts per granule increased by 35%, indicating an increase in nos homotypic cluster size ( Figure 5F ).
In contrast to the dramatic effects on homotypic cluster size, co-localization of nos and pgc in 13 nos, 13 pgc, and 43 nos oocytes was only minimally affected throughout germ plasm development ( Figures 5E-5H) , suggesting that the frequency of seeding events was unaffected. To confirm that this is the case, we took a granule census at stage 13 in 13 nos oocytes. Whereas the number of nos mRNAs per granule decreased dramatically, the proportion of Osk-GFP granules that contained nos (51%) was similar to that in wild-type oocytes (56%; Figure S4C) . Our ability to alter cluster size without affecting the frequency of seeding indicates that granule nos and pgc content, and thus their enrichment in the germ plasm, is dominated by the growth of existing homotypic clusters rather than the ability to generate new ones.
We also asked whether changing the quantity of nos or pgc affects the relationship between the sizes of nos and pgc clusters within the same granule. For this analysis, we focused specifically on the granules containing both nos and pgc (i.e., co-localized nos and pgc particles). In wild-type oocytes, the average ratio of pgc to nos mRNA in the germ granules (i.e., the slope of the correlation in mRNA content) was 0.51 ± 0.02. However, reducing the number of pgc mRNAs per granule did not affect the number of nos mRNAs occupying those granules, shifting the slope to 0.23 ± 0.02 ( Figure 5I ). The converse was also true: when the number of nos mRNAs per granule was reduced, the number of pgcs in those granules was unaffected, shifting the slope to 0.75 ± 0.07 ( Figure 5I ). Consistent with this, the size distribution of germ plasm nos particles was not affected in 13 pgc oocytes and vice versa ( Figures S4A and S4B) . In granules where the nos mRNA content was increased, the slope shifted to 0.39 ± 0.01 ( Figure 5J ). Our ability to alter the average number of nos transcripts per granule, and thus the size of nos (E) Distribution of nos particles, binned by mRNA content, that are co-localized with at least one pgc mRNA (red bars) compared to the distribution of nos particles that do not co-localize with pgc (blue bars), from stage 10 to early embryo (em). See also Figure S3 and Video S1.
clusters, without affecting pgc clusters within the same granule and vice versa indicates that homotypic clusters of different mRNAs grow independently of each other within germ granules.
Homotypic Cluster Growth Drives mRNA Localization
In contrast to a previous report [17] , we observed granules containing more than one nos or pgc particle in SIM-imaging experiments ( Figures 6A-6F) , suggesting that individual granules may contain multiple nos and/or pgc homotypic clusters. Indeed, fluorescence intensity analysis showed that 80% of granules with multiple nos particles and 72% of granules with multiple pgc particles contained homotypic clusters of the respective RNA (see the STAR Methods). Analyses of two additional germ granule mRNAs, cycB and gcl, showed that seeding of multiple homotypic clusters within a granule is a common property of germ granule transcripts ( Figure S5A) . Quantification of the number of clusters per granule showed that individual germ granules in the early embryo contained up to 6 nos and up to 4 pgc, cycB, or gcl clusters (Figures 6C-6G ; Figure S5A ). By contrast, among the 6% of lost particles that appeared co-localized with Osk-GFP, only one lost particle containing a single lost transcript was detected in the vast majority (95%) of cases ( Figure 6G) . Thus, the detection of multiple homotypic clusters of an mRNA within a germ granule was not due to random overlap. Consistent with the finding that the number of seeding events was only minimally affected in 13 nos and 13 pgc oocytes ( Figures 5E-5H ), the number of multiple seeding events per granule was also unaffected at stage 13 ( Figure S5B) . Therefore, the decrease in granule mRNA content we observed ( Figure 5 ) indeed reflects a decrease in the size of the homotypic clusters.
From stage 13 oocytes to the early embryo, the average mRNA content per granule increased by 41% for nos and 23% for pgc ( Figure 6H ). In addition, the proportion of nos-containing germ granules with multiple nos clusters nearly doubled, from 24% to 46%, indicating that late-occurring seeding events contributed to this increase. This increase was not observed between 13 nos stage 13 oocytes and embryos, however (Figure S5B) , suggesting seeding of additional nos homotypic clusters within existing germ granules is balanced by the generation of new granules containing only one nos homotypic cluster. Similar late seeding events were observed for gcl, but not for pgc and cycB ( Figure 6I ; Figures S5C and S5D) . However, for granules with more than one nos, pgc, cycB, or gcl seeding event, the ratio of the average number of mRNAs to the average number of homotypic clusters was always >1 (for example, 7 for nos). This finding indicates that mRNAs are more likely to be recruited to an existing homotypic cluster than to seed a new one, providing further evidence that the ability to self-recruit dominates granule mRNA content. Indeed, we found that recruitment accounts for 80% and 82% of nos and pgc content, respectively (see STAR Methods details).
DISCUSSION
Localization of mRNAs to the Drosophila germ plasm is intrinsically coupled to the assembly of germ granules at the posterior of the oocyte [16] . Here we have investigated how germ plasm mRNAs are co-assembled into germ granules. We show that localization begins with the incorporation of single-transcript RNPs into nascent germ granule protein ensembles. These first transcripts then act as seeds, recruiting additional like transcripts to form homotypic clusters. Independent and stochastic seeding events by various single-transcript RNPs followed by self-recruitment produce germ granules containing varying combinations and quantities of mRNAs. Our data indicate that germ plasm mRNA localization is a self-regulated process through the ability of mRNAs to engage in homotypic interactions.
We previously observed that transcripts are more likely to become incorporated into germ granules that already contain that particular transcript than into granules that lack it, and we proposed that this preference arises from a propensity for granule mRNAs to form homotypic clusters [16] . Our new results validate this hypothesis, and they show further that the enrichment of mRNAs in the germ plasm is controlled by the mRNAs themselves through their ability to form granule-associated homotypic clusters. Thus, RNA self-association ultimately drives the RNA localization process. Even in granules with multiple seeding events by a given transcript, granule mRNA content is dominated by cluster size, indicating that transcripts enter into an existing homotypic cluster more readily than they seed new ones. Consistent with this idea, by late oogenesis, granules containing nos are more likely to contain one nos and one pgc cluster than two or more nos clusters. Since germ cell survival correlates with the amount of inherited germ plasm [22] , this mechanism may enable granules to simultaneously incorporate many types of mRNAs while ensuring that each mRNA becomes enriched to a functional threshold.
Germ granules form only at the posterior of the oocyte, and this spatial precision is dictated by the localized production of Osk protein [9, 23] . Furthermore, despite the presence of a high density of mRNAs within the bulk cytoplasm, germ granule-destined mRNAs form homotypic clusters exclusively in the germ plasm, and homotypic cluster formation is not detected in osk or vas mutants (Figure 2; [16] ). Thus, the granule protein ensemble is an obligate platform for homotypic cluster growth. Our finding that reducing the amount of Osk decreases the frequency of nos and pgc co-localization (a measure of granule occupancy) and the size of homotypic clusters suggests that Osk controls both the capacity for seeding events and the capacity for homotypic cluster growth. Recent structural studies of Osk revealed a non-canonical RNA-binding domain [24, 25] , and both nos and pgc can be UV-crosslinked to Osk in vivo [24] . Alternatively, Osk may control seeding and homotypic cluster growth indirectly, by its recruitment of RNA-binding proteins like Vas, Aubergine (Aub), and others. In addition, a recent study raised the possibility of mRNA entrapment by partial base-pairing with Aub-loaded piRNAs [26] . Whether seeding, homotypic recruitment, or both involve direct or indirect Osk-RNA interaction remains to be determined. Regardless, our data suggest that molecular interactions that underlie self-association are favored over seeding interactions between mRNAs and the granule protein ensemble.
Targeting of mRNAs to Drosophila germ granules is regulated by cis-acting 3 0 UTR localization signals, but, with the exception of nos, these are poorly characterized, and to date no shared sequence or structural features have been identified [27, 28] . What dictates specific recognition between a diverse set of mRNAs and a common set of granule proteins thus remains a mystery. The ability of 3 0 UTRs to confer enrichment of reporter RNAs within the germ plasm suggests that they also contribute to homotypic clustering [17] . Self-recognition could be mediated by RNA-RNA interactions, akin to the dimerization of osk by 3 0 UTR base-pairing interactions, which mediates osk hitchhiking [29] . Whether the same or different 3 0 UTR elements mediate the initial seeding events and homotypic clustering is an intriguing question for future investigation.
The primary function of Drosophila germ granules is to concentrate and deliver mRNAs to primordial germ cells. As such, Drosophila germ granules are long-lived structures: mRNAs remain concentrated within these granules for hours or even days before they are utilized in the embryo [30] . Moreover, they must maintain their integrity for microtubule-dependent trafficking that first retains them at the posterior of the oocyte and later directs their accumulation around embryonic nuclei [10, 30] . Consistent with this stability, our results indicate resident granule RNAs are relatively immobile. This behavior contrasts with the dynamic liquid-like properties described for other RNA granules, including stress granules, P bodies, and P granules [31, 32] . Interestingly, stress granules also contain stable RNP cores, which are proposed to form through extensive protein-protein interactions [33] . We suggest that one consequence of concentrating mRNAs in germ granules by homotypic clustering may be their condensation to a gel-or solid-like state, mediated by multivalent RNA-RNA, RNA-protein, and/or protein-protein interactions. In this way, homotypic clustering may impart the stability and integrity needed for germ granule function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Elizabeth R. Gavis (gavis@princeton.edu). using two copies of the P nos -gfp-nos transgene [36] together with endogenous nos. The osk-gfp transgene (fTRG_1394) was a gift of H. Jambor [37] . The non-localizing gfp-tub3 0 UTR RNA used for measurement of spurious co-localization was expressed from the UASp-gfp-tub3 0 UTR transgene using the mata4-GAL-VP16 driver (BDSC 7063). Labeling of nos mRNA for photoconversion was achieved by co-expression of the nos-(ms2) 18 [38] and hsp83-MCP-Dendra2 [19] transgenes. All stocks and crosses were maintained at 23 C on standard cornmeal/agar media.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
METHOD DETAILS
smFISH and microscopy smFISH probes of 20 nt oligonucleotides with 2 nt spacing were designed using Stellaris Probe Designer and were generated by Biosearch Technologies. smFISH probe sets were conjugated to Atto 565 (Sigma 72464) or Atto 647N (Sigma 18373) dye, then purified by HPLC as described [40] . Ovaries were dissected from well-fed females in PBS and 0-2 hr old embryos were collected on yeasted apple juice agar plates. smFISH was carried out as previously described except that tissues were fixed in 4% paraformaldehyde for 30 minutes, mounted in Prolong Diamond (Life technologies), and cured for 3 days prior to imaging [16, 41] . Confocal imaging was performed on a Leica SP5 laser scanning microscope with a 63x 1.4 NA oil immersion objective, using GaAsP 'HyD' detectors in photon counting mode as previously described [16] . For each confocal image, a z series of 15 slices was taken at a step size of 340 nm and used for quantification. Super resolution images were acquired on a Nikon Structured Illumination Microscope (N-SIM) with a 100x 1.5 NA oil immersion objective and reconstructed using Nikon Elements software. N-SIM color alignment was calibrated using 100 nm TetraSpeck Fluorescent Microspheres (Thermo Fisher) prior to each imaging session. For each SIM image, a z series of 21 slices was taken at a step size of 150 nm. Live oocytes were imaged in halocarbon oil with a Yokogawa spinning disc mounted on an inverted Nikon Ti-E, using a 60x 1.45 NA oil immersion objective. Individual frames were taken in 1.4 s intervals. MCP-Dendra2 was photoconverted from green to red using a 405 nm laser. Note that fixed stage 14 oocytes were not analyzed due to auto-fluorescence produced by the eggshell that interfered with image quantification. The number of oocytes/embryos sampled for each dataset is indicated in the figure legends.
QUANTIFICATION AND STATISTICAL ANALYSIS
Particle identification and quantification RNA particle detection and image quantification was carried out using a custom MATLAB (Mathworks) program that has been previously described in detail [16, 42] . Briefly, we clipped a 13 3 13 pixel patch centered around each fluorescent spot and fit a Gaussian distribution in three consecutive z slices and in x-y to identify the x-y-z locations of candidate mRNA particles. For confocal images of all stages and SIM images of stage 10 oocytes, we identified true mRNA particles by setting an intensity threshold based on the average intensity of candidate particles in the bulk cytoplasm, which contain only a single transcript [16] . By normalizing the intensity of germ plasm particles to the average single transcript intensity, we were able to quantify the absolute number of transcripts in mRNA particles within the germ plasm and as a function of distance from the posterior pole. Whereas previous analyses considered only particles with 4 or more transcripts of a particular mRNA type [16] , here all particles consisting of 1 or more transcripts were included in the analysis. When relevant, we demarcated the germ plasm with a user defined polygon applied to the entire z series (15 slices for confocal or 21 slices for SIM). We note that the quantification of homotypic cluster growth from confocal images in Figure 3 does not consider the occurrence of multiple homotypic nos or pgc within a granule. However, because the majority ($98%) of germ granules that contain nos or pgc have fewer than 4 homotypic clusters of either ( Figure 6G ), any increase in mRNA content greater than 4 is mostly generated by homotypic cluster growth. Therefore, we set a cutoff for analyzing the growth of larger nos and pgc particles in Figures 3 and S3 as 4 or more mRNAs. Thus, the presence of multiple, like homotypic clusters within a granule does not affect the conclusions from the growth analysis in Figure 3 . Due to the limited field of view of the bulk cytoplasm relative to the germ plasm in stage 13 oocytes and embryos in N-SIM images, we were unable to use candidate RNA particles in the bulk cytoplasm as a reference to identify true RNA particles. For these images, we identified true mRNA particles by manually setting an intensity threshold. A similar approach was used to identify true Osk-GFP particles. N-SIM images shown in Figures 1 and 6 are maximum projections of 3 z slices that were filtered by a balanced circular difference-of-Gaussian with a center radius size of 1.2 pixels and surround size of 2.2 pixels. Heatmaps representing mRNA content of germ plasm particles in Figure 5 were generated by using a custom MATLAB script that first normalized the image intensity based on quantified mRNA content and then converted intensity values into a heatmap using the command HeatMap, set to a scale from 0 to 40 transcripts. Additional information about statistical analysis can be found in the figure legends.
Quantification of co-localization
To determine whether two particles were co-localized, we used the Inter-Point Distance Matrix MATLAB program [43] to first calculate the distances in x-y for all particle pairs. Next, we used a custom MATLAB program that selects co-localized pairs based on the following criteria: 1) Two particles must be within a z distance of two slices for confocal and four slices for SIM. The distances in z were chosen to account for chromatic aberration while eliminating pairs that may co-localize in x-y but cannot be in the same granule based on germ granule size as determined by electron microscopy [44] ; 2) A co-localized particle pair must also be within a distance limit of 200 nm in x-y, a conservative distance chosen based on the average size of a germ granule that has been previously used to calculate co-localization frequency among germ plasm mRNAs [16] . Granules that contained multiple homotypic clusters of a particular mRNA were identified when more than one true particle of a given mRNA satisfied both co-localization conditions to the same nearest neighbor Osk-GFP particle. Because germ granule protein components appear to be homogeneously distributed throughout the granule [17] , we assume that each Osk particle demarcates a single germ granule. To determine the fraction of granules that contained multiple homotypic clusters of a particular mRNA, we first normalized each detected RNA particle (fluorescent spot) to the true particle with the lowest intensity (as described above). Next, we calculated the average normalized intensity for all particles within a granule. Granules with particles that had an average normalized intensity R 2 were considered to contain homotypic clusters. 8,000 granules for which we detected multiple particles of the same mRNA were analyzed.
The Osk census maps were generated by first creating an empty 25 3 60 matrix. Next, we summed up each occurrence of an Osk-GFP particle with a given mRNA composition and allocated that sum to the proper row and column of the matrix where the row number represented the number of pgc mRNAs and the column number represented the number of nos mRNAs. We then used the MATLAB command imagesc to transform the census matrix into an image with scaled colors that corresponded to the number of occurrences for a given mRNA composition. The heatmap plot of particles in Figure 3C was generated using the MATLAB dscatter function [45] . The correlation value (Pearson's r) between nos and Osk-GFP intensity was calculated using the MATLAB command corr. When comparing Osk-GFP intensities, stage 10 and stage 13 oocytes from the same smFISH experiment were imaged under identical conditions. Additional information about statistical analysis can be found in the figure legends.
Depending on the experimental setup, the frequency of detecting RNA-RNA or RNA-protein co-localization by random chance was estimated using either of two non-localizing control mRNAs, gfp-tub3 0 UTR or lost. These control transcripts were chosen because they are expressed at levels comparable those of nos and pgc: gfp-tub3 0 UTR, as determined by RT-qPCR; lost, as determined by RNA-seq [46] . The frequencies with which we detected co-localization of these transcripts with nos, pgc, and/or Osk are similar to the frequency of spurious co-localization that we previously determined using statistical methods [16] . Furthermore, the number of individual lost particles detected per volume of germ plasm was similar to the number of individual nos and pgc particles. For this assessment, we normalized the number of individual lost, nos, and pgc particles detected in the germ plasm from N-SIM images to the number of Osk granules detected in the same images ($10,000 Osk granules in each case), yielding relative values of 1 nos, 0.9 pgc, and 0.7 lost particles within a given volume of germ plasm.
Quantification of recruitment contribution to granule content
To calculate the fraction of granule RNA content that results from recruitment, we first determined the total number of nos or pgc homotypic clusters that co-localized with Osk from confocal images and multiplied that value by a factor of 1.24 for nos and 1.34 for pgc to account for the average frequency of multiple seeding events as determined by SIM. This value is the ''seed number.'' Next, we summed the total number of nos or pgc mRNAs that co-localized with Osk and subtracted the ''seed number'' to generate a ''recruitment number.'' The recruitment number represents the number of nos or pgc mRNAs that are incorporated into the granule via recruitment and we normalized this number to the total number of nos or pgc mRNAs that co-localized with Osk.
DATA AND SOFTWARE AVAILBILITY
Custom MATLAB scripts that were used to generate the heatmaps representing mRNA content of germ plasm particles in Figure 5 , to identify co-localized particle pairs, and to generate the Osk census matrices are available at Mendeley Data (https://data.mendeley. com/datasets/3k9td7gg2w/1).
